model, or do changes in past and present environmental conditions play a role in these patterns? (3) Is there any evidence of divergent selection processes over the genome of A. caespitosa ?
MATERIALS AND METHODS
Plant features -Armeria caespitosa (Gómez Ortega) Boiss. is a highmountain dwarf chamaephytic cushion plant with rosettes that grow ≤ 20 cm in diameter. It is a narrow endemic of the Iberian Central Range in Spain occurring from Ayllón to East Gredos ranges, with most populations located in the Sierra de Guadarrama at altitudes ranging from 1700 to 2430 m, in open habitats like stony pastures. Like most Armeria species, A. caespitosa is diploid (2n = 18; Castroviejo and Valdes-Bermejo, 1991 ) and exhibits weak internal reproductive barriers compared with other congeners ( Nieto Feliner et al., 1996 ) . It is pollinated by generalist insects (i.e., bees, bumblebees, and syrphid fl ies; , and seed dispersal is mediated by a papyraceous calyx. The genus shows a dimorphic self-incompatibility system, which also appears in A. caespitosa ( Baker, 1966 ; ).
Sampling and DNA extraction -We selected 17 populations covering the whole distribution range of the species in altitude and geographic distribution ( Fig. 1 and Table 1 ). Only the small populations of East Gredos (westernmost part of the range) were excluded from the analyses to avoid sampling individuals hybridized with congeners like A. bigerrensis subsp. bigerrensis ( Nieto Feliner, 1990 ). All selected populations had >50 individuals to avoid potential effects of population size on genetic diversity ( Frankham et al., 2002 ) . In summer and autumn 2008, ten individuals were randomly sampled in each population with a minimum distance of 10 m between individuals. Green leaves were collected from sampled individuals and dried in silica gel. Genomic DNA was extracted following standard protocol of DNEasy Plant Minikit (Qiagen, Valencia, California, USA) using ~10 mg of dried tissue. DNA quality and quantity were estimated using 1% agarose gel.
AFLP protocol -To cover the widest genomic region and ensure high-quality reproducible bands, an initial screening was developed using a subsample of 30 individuals randomly obtained from 10 populations. AFLP analyses have been developed in several species of the genus Armeria ( Baumbach and Hellwig, 2007 ; Piñeiro et al., 2007 Piñeiro et al., , 2009 ), and substantial information on possible primer combinations is available. Forty primer combinations were used in the initial screening and checked for band polymorphism and pattern reproducibility. Thus, eight primer combinations were selected for AFLP analysis: Eco RI+ACT/ Mse I+CAC, Eco RI+ACC/ Mse I+CACC, Eco RI+ACC/ Mse I+CCT, Eco RI+ACG/ Mse I+CTAC, Eco RI+ACT/ Mse I+CTT, Eco RI+AGA/ Mse I+CTA, Eco RI+AGG/ Mse I+CAC, Eco RI+AGG/ Mse I+CTT. Restriction and ligation of genomic DNA with EcoRI and MseI were performed according to Gaudeul et al. (2000) with some modifi cations. We used ~100 ng of genomic DNA for a fi nal volume of 11 μ L. Final product from restriction-ligation was confi rmed on agarose gel (1%) and diluted 10 times in purifi ed water. Preamplifi cation and selective amplifi cation were performed as described by Gaudeul et al. (2000) with modifi cations. The fi nal product of selective polymerase chain reaction was labeled by a fl uorocrome (6-FAM or VIC) added to the Eco RI primer. All reactions were incubated in a Thermocycler Mastercycler Pro (Eppendorf, Hamburg, Germany). Fragments were separated with an ABI Prism 3700 sequencer (Applied Biosystems, Foster City, California, USA) using GeneScan-500 ROX as size standard at Parque Científi co de Madrid (Madrid, Spain).
Although AFLPs are widely used in molecular ecology ( Meudt and Clarke, 2007 ) , genotyping errors can be generated at any step of the process ( Bonin et al., 2004 ) , potentially causing serious effects on data reliability ( Pompanon et al., 2005 ) . To mitigate this type of error, a reproducibility test was carried out, using one or two individuals from each population. Ten percent of the samples were replicated throughout the AFLP procedure ( Pompanon et al., 2005 ) . One negative control per population and primer combination was included in each selective amplifi cation (136 in total). Amplifi ed fragments were analyzed using Genemapper version 3.7 (Applied Biosystems). An automated binning protocol considering genotype as dominant markers (presenceabsence) and a posterior manual correction were performed ( Bonin et al., 2004 ; Pompanon et al., 2005 ) . AFLPScore was employed to estimate the error rate ( Whitlock et al., 2008 ) , which was fi xed at 5% for each primer combination ( Bonin et al., 2004 ; Skrede et al., 2006 ) . The AFLPdat R package ( Ehrich, 2006 ) was used to transfer data between the different software used.
2008 ; Leimu and Fischer, 2008 ) . Genome scans are a useful tool for detecting potential loci under selection ( Beaumont and Balding, 2004 ) and initial processes of local adaptation ( Bonin et al., 2006 ) . They can be carried out with nonmodel organisms ( Karrenberg and Widmer, 2008 ) , including different types of markers, species, or approaches (e.g., Eckert et al., 2010 ; Grivet et al., 2011 ; Narum and Hess, 2011 ) , and can be considered a starting point for detecting ecologically relevant loci ( Stapley et al., 2010 ) .
Montane taxa are especially well suited for testing hypotheses related to adaptation and evolution by comparative observations of populations along local altitudinal gradients ( Körner, 2007 ) . Altitudinal gradients in mountains modify environmental conditions in a very predictable fashion ( Walther et al., 2005 ) and put populations under different selective pressures ( Gonzalo-Turpin and Hazard, 2009 ) that can easily be linked to ongoing climate changes. These gradients include both optimal and marginal environments, which can be designated as central population and species' edge conditions, respectively ( Normand et al., 2009 ) , and may therefore infl uence the distribution and variation of the genetic structure of the plants along them. On the other hand, the environmental heterogeneity created by these gradients favors population fragmentation, creating a pattern similar to that found in oceanic islands ("islands in the sky"; Hewitt, 2001 ) . Historical movements along altitudinal gradients, related to glaciation dynamics and refugia where the species could have survived during adverse conditions-interglacial periods ( DeChaine and Martin, 2004 ) but also glacial ( Schönswetter et al., 2005 ) -are expected to have caused complex effects in the genetic architecture and evolution of these populations ( Gugerli and Holderegger, 2001 ) . They may also affect adaptive potential, although this needs further testing ( Byrne, 2008 ; Nieto Feliner, 2011 ; Lloret et al., 2012 ) . This is particularly relevant in high-mountain plants, one of the species groups that is most vulnerable to global warming ( Nogués-Bravo et al., 2007 ) . The combination of vulnerability to global warming, high endemism, and complexity of historical patterns in high-mountain plants recommends analyzing a number of representative case studies. Here, we evaluated the genetic diversity and structure of Armeria caespitosa , a high-mountain plant specialist, across its whole distribution range. This species is a narrow endemic that is fairly abundant locally and occurs along a relatively large altitudinal gradient .
We hypothesized that historical climatic oscillations related to glaciation dynamics would involve population shifts that disrupt an isolation-by-distance model that could be expected from the current fragmented distribution of this high-mountain plant. Because population shifts would have taken place along sharp altitudinal gradients that encompass different environmental conditions, we expected populations to be subjected to divergent selective forces at the within-mountain and the between-mountain levels. Additionally, current global warming conditions may also be modulating genetic structure and diversity and/or promoting selection. These selective forces might operate in different ways and intensities in each mountain, depending on the altitudinal range and local factors. Therefore, considering the expected effect of geographic distance, altitude, and climatic conditions, we specifi cally asked the following questions: (1) How have past and present changes in environmental conditions and the fragmented distribution of suitable habitats for A. caespitosa shaped the genetic diversity and structure of this species? (2) Can the resulting genetic structure be mostly explained by a simple isolation-by-distance peninsula ( Ninyerola et al., 2005 ) . Annual and monthly summer (June, July, and August) temperature ( ° C) and total annual and monthly summer precipitation (mm) were extracted with the Universal Transverse Mercator (UTM) coordinates and altitude values of each population. Precipitation and mean temperature data for the summer months were considered because the reproductive success and survival of Mediterranean mountain plants are known to be Climatic data collection -Climatic data for each population were extracted from the digital climatic atlas of the Iberian Peninsula (http://opengis.uab.es/ wms/iberia/en_index.htm). The data in this atlas were based on 50-yr averages of monthly temperature and precipitation from meteorological stations from Spain and Portugal (1950-1999; Ninyerola et al., 2005 ) . Spatial interpolation was employed to produce a surface of continuous values covering the entire Table 1 for details), and the color pattern is associated with the spatial Bayesian cluster analysis in Structure for genetically homogeneous groups ( Table 1 ; color key to groups: 1 = black, 2 = red, 3 = green, 4 = blue, 5 = yellow, 6 = orange, 7 = pink, 8 = purple, and 9 = gray). Darker-shaded areas indicate lower altitude, whereas lighter-shaded areas indicate higher altitude. Dashed line denotes the 1500-m isoline, which concides to the lowest altitudinal edge of the species distribution. each population. Geographic matrices were calculated in two ways: a fi rst matrix was made by calculating the spatial distance ( x and y coordinates) between populations, while a second distance matrix was constructed that only considered differences in altitude between populations. The latter matrix was included because altitude is considered a surrogate of several environmental variables (such as climate, soil composition, plant community, etc.; Körner, 2007 ) and generates important differences in environmental conditions along the elevation gradient. Mantel tests and partial Mantel tests were performed using the "Vegan" package implemented in R 2.15.0 (R Development Core Team, Vienna, Austria). For the partial Mantel test, all combinations between spatial, altitude, and climatic variables were analyzed against genetic distance. All tests were carried out with 100 000 permutations, including Pearson and Spearman assumptions considering rank order instead of real distance values to evaluate parametric and nonparametric relationships, respectively, with a limit of P = 0.05. SPAGeDI software ( Hardy and Vekemans, 2002 ) was used to estimate the genetic spatial structure of the kinship multilocus coeffi cient with dominant markers. Inbreeding coeffi cient ( F IS ) was set at 0.05 (other values were used in a preliminary stage, but results were very similar) as suggested by Hardy (2003) , and the permutation test included 10 000 permutations. Spatial and altitude distances were included using the matrices described above.
We computed Moran correlograms to evaluate the distribution of genetic diversity throughout the whole distribution range and along the altitude gradients. The distribution of genetic diversity between and within mountains can be important in shaping genetic structure and driving the evolution of plant species (e.g., bottlenecks, isolation processes, selective forces, etc.; Ohsawa and Ide, 2008 ) . The same genetic, climatic, altitude, and geographic distance matrices used in Mantel and partial tests were used in these analyses. Ten distance classes were defi ned for each analysis, including ≥ 10 population pairs in each distance class. We used the Passage program ( Rosenberg and Anderson, 2011 ) , considering the Nei diversity index ( Nei, 1973 ) and the distance matrices (spatial, altitude, and climatic distances). Each value of Moran's I was tested for signifi cant deviations from the expected value under the null hypothesis of random spatial distribution ( Cliff and Ord, 1981 ) . Global signifi cance of the lags was tested using the Bonferroni correction. Because Bonferroni correction is known to be very conservative and restrictive, we considered results that were marginally signifi cant (0.05 < P < 0.1). Similar values of genetic diversity between mountains may be due to a lack of gene-fl ow barriers between populations and the homogenization of allele distribution, whereas differences between populations could be explained by stochastic processes (e.g., mutation, genetic drift, etc.; Frankham et al., 2002 ) , isolation, or selective processes that fi xed certain alleles.
Potential loci under selection: Detection of outlier loci and association between loci and environmental conditions -We conducted a parallel survey focused on outlier loci, which are potential candidates to reveal genome regions subject to selection ( Beaumont and Balding, 2004 ; Bonin et al., 2006 ) . We followed a genome scan test procedure based on F ST comparisons to identify the loci that are signifi cantly different than expected under neutrality and a given demographic model. To identify possible outlier loci from the AFLP loci detected, we used the approach proposed by Excoffi er et al. (2009) based on Beaumont and Nichols (1996) . The outlier loci approach was run considering the more plausible models proposed by the results of the genetic structure, including 100 000 iterations. This model is highly sensitive to certain demographic parameters and species life histories (i.e., Eckert et al., 2008 ) and can produce an unknown number of false positives (type I errors). Therefore, we adopted a conservative approach, considering only loci outside the estimated 99% confi dence interval to be outliers (e.g., Bonin et al., 2006 ; Mäkinen et al., 2008 ) . Outlier loci were calculated using Arlequin. To further minimize the risk of bias due to false positives, an additional analysis using BayeScan version 2.0 ( Foll et al., 2010 ) was simultaneously carried out, based on the binary data set. For the Markov chain Monte Carlo algorithm, we used 20 pilot runs of 2000 iterations to adjust the above-proposed distribution and to have acceptance rates between 0.25 and 0.45 for the runs. We then used a burn-in of 50 000 iterations followed by 500 000 iterations for estimation using a thinning interval of 10. In this genome scan, the Bayesian method estimated the probability of selection at each locus by comparing it to a null model without selection. The posterior probability was used for model selection by estimating posterior odds (PO), which is the ratio of posterior probabilities of the models and measures how likely the selection model is, compared with the alternative. A posterior odds ratio greater than 10 (PO > 10, strong; Foll and Gaggiotti, 2008 ) was considered the criterion for assuming that a marker is under selection. The false discovery rate was used to control for multiple testing.
limited by summer drought (e.g., fl owering process; Giménez-Benavides et al., 2007 ) . Principal component analysis (PCA) was used to summarize the climatic data set in the fi rst two extracted axes (which explain 84.5% of the accumulative proportion variance). Climatic data are not correlated with altitude (Mantel test, r = 0.12, P = 0.18). The estimated climatic data used are shown in Appendix S1 (see Supplemental Data with the online version of this article).
Genetic diversity and population differentiation -The use of dominant marker data in the estimation of allelic frequencies involves assuming an outcrossing mating system and nearly random mating resulting in Hardy-Weinberg equilibrium in populations ( Lynch and Milligan, 1994 ) . Because A. caespitosa has an outcrossing mating system, we can expect nearly random mating, given mean population sizes (100-500 individuals), the small area of occupancy of each population, and its pollination by generalist insects. Furthermore, inbreeding coeffi cients ranged from −0.15 (Cabeza de Hierro population; CHM in Table 1 and Fig.1 ) to 0.1 (Pico de Lobo Alto population; PLA in Table 1 and Fig. 1 ) , and no signifi cant departures from Hardy-Weinberg equilibrium were found in a preliminary study with microsatellite markers and some of the populations in the present study (CHM and PLA; García-Fernández et al., 2012 ) . Therefore, random mating and Hardy-Weinberg equilibrium were assumed in estimating allelic frequencies, detecting population structure and identifying outliers.
To estimate genetic diversity, three parameters were computed for each population and for the total number of collected individuals: (1) allelic richness, in terms of percentage of polymorphic loci; (2) Nei's gene diversity index ( Nei, 1973 ) ; and (3) Shannon's index ( Shannon, 1948 ) . These analyses were implemented in PopGene version 3.2 ( Yeh and Boyle, 1997 ) and Arlequin version 3.5 ( Excoffi er and Lischer, 2010 ). A previous study carried out with 30 individuals of a single population (CHM) provided similar genetic-diversity values to a sample of only 10 individuals (data not shown). Pairwise F ST values ( Weir and Cockerham, 1984 ) were calculated for each population pair using Arlequin. Signifi cance was evaluated through 10 000 permutations.
Population structure -To determine the existence of groups of populations on the basis of their genetic similarity, Bayesian clustering analyses were performed in Structure version 2.3 ( Hubisz et al., 2009 ).We also chose settings including sample location for each individual, the admixture ancestry model, and the correlated allele frequencies model. We ran 10 independent simulations for each possible number of genetic groups ( K ) from K = 1 to 17, using a burn-in period of 10 5 and run lengths of 10 6 . To estimate the number of genetic groups ( K ), we selected the K value that maximizes the probability of data L( K ). We also used the criterion proposed by Evanno et al. (2005) to estimate the best value of K for our data set, based on the rate of change in the probability between successive K values, Δ K . Additional Bayesian analyses were conducted with BAPS (Bayesian analysis of population structure, spatial clustering of groups; Corander and Marttinen, 2006 ) , which uses stochastic optimization instead of Markov chain Monte Carlo to fi nd optimal partition (with the highest estimated probability). Simulations were run from K = 1 to K = 17 as the maximum number of groups, with fi ve replicates for each K .
In parallel, we conducted other non-Bayesian approaches to determine population genetic structure. Analysis of molecular variance (AMOVA) in Arlequin was used to estimate genetic differentiation, following an alternative and widely used approach that does not assume Hardy-Weinberg equilibrium or independence of markers. An initial AMOVA was implemented without taking regional structure into account. We then carried out independent AMOVAs including the regional models proposed by Structure and models based on grouping by altitude or by mountain range. Pairwise genetic distance between individuals using the square Euclidean distance was used for AMOVA analyses, considering three levels: within populations, between populations within regions and between regions. Finally, neighbor-nets analyses were carried out using Splits Tree version 4.10 ( Huson and Bryant, 2006 ) based on Jaccard distance between individuals. Branch support was tested using bootstrapping with 1000 replicates.
Spatially explicit analyses: Genetic structure and diversity -Because our hypotheses had spatially explicit components, we performed Mantel tests and partial Mantel tests to evaluate the linear correlation between genetic distance and climatic and geographic distance matrices. The Mantel test compares two similarity matrices, whereas the partial Mantel test is similar to a partial correlation that detects the correlation between two matrices of interest when the effect of a third matrix is removed ( Legendre and Legendre, 1998 ) . Genetic distance matrices were constructed with F ST values between populations. Climatic distance matrices were constructed using the scores on the two fi rst PCA axes for simulations, whereas others (PEN and CIT, PLA and PLM, CHM and LCH) were grouped together in all simulations. Populations occurring on the same mountain were usually grouped in the same cluster, although in some simulations, some populations such as MAT or PLB appeared as independent clusters. NAV was assigned to a group with PLA and PLM with only 59.7% and 67.6% support (Structure and BAPS approach, respectively). The rest of the simulations grouped NAV with REV, which is much closer geographically. Although both Bayesian approaches proposed the same number of clusters ( K = 9), there were some differences in population assignment between the two analyses. The cluster formed by MAT, AGI, and NEV was absent in BAPS, whereas the cluster including NAV, PLA, and PLM in Structure had two additional populations in BAPS, namely PLB and ARY. Secondary peaks in the change of log likelihood were evident for K = 3 and K = 7 ( Fig. 2B ) . At K = 3, LEO and REV were grouped in the same cluster; AGI, MAT, and NEV appeared in a second cluster; and the remaining populations were grouped together. K = 7 showed the same groupings as K = 9, except for PLB and ARY (independent groups in K = 9), which were grouped together with PLA, PLM, and NAV ( Table 1 ) . Summaries of BAPS and Structure classifi cations are shown in Table 1 and Figure 1 . Neighbor-nets analyses showed a clustering pattern similar to K = 9 proposed by BAPS and Structure (Appendix S3, see Supplemental Data with the online version of this article), although some populations (e.g., ARY or PLB) showed weaker statistical support. K = 9 was also the most plausible partition model proposed by BAPS and Structure when outlier loci (see below) were removed from the data set, although with little difference in the percentages of assignment (data not shown). Subsequent analyses were carried out considering the cluster assignment proposed by Structure ( K = 9), because it showed a higher percentage of individual assignment than BAPS.
We conducted an AMOVA to evaluate how total genetic variation was partitioned between and within the resulting groups. The groups proposed by Structure showed signifi cant genetic differentiation, and the variation among groups explained 20.1% of the total genetic variance ( F CT = 0.21, df = 8, P < 0.01), whereas the proportion of genetic variation among populations within groups was 19.08% ( F SC = 0.22, df = 8, P < 0.01). The remaining variation ( F ST = 0.39, df = 153, 60.8%) was due to differences among individuals within populations. When the genetic groups detected by Structure were not considered, the AMOVA analysis explained 62.25% ( F ST = 0.38, df = 153, P < 0.01) of the total variance among individuals within populations, whereas the remaining 37.75% (df = 16, P < 0.01) was due to differences among populations. No signifi cant differentiation in groupings by altitude or mountain range was found when additional AMOVAs were done using these criteria.
Spatially explicit analyses -None of the Mantel or partial
Mantel tests performed with distance detected any signifi cant relationships in the whole multivariate data set comprising the variation in the 659 loci and all individuals ( Table 2 ; Appendix S4, see Supplemental Data with the online version of this article). This suggested that the genetic distances between populations could not be explained by the corresponding spatial, altitudinal, and climatic distances. However, when geographic distances were considered, the SPAGeDI analysis found a significant negative autocorrelation at intermediate distances between populations (12-18 km) and signifi cant positive autocorrelation Finally, we implemented the spatial analysis method (SAM; Joost et al., 2007 ) to identify putative adaptive loci that are selected by current environmental conditions. On the basis of logistic regression, this method evaluated the association between allele frequency variation and altitude and climatic variables (annual precipitation and average annual temperature). The signifi cance of associations was tested using the Wald test with Bonferroni correction.
RESULTS
AFLP Profi le -After visual correction and the elimination of monomorphic loci, poorly reproducible fragments, and lowintensity peaks, 766 potentially useful loci were obtained. A subsequent fi ltering by AFLPScorer reduced total available loci to 659 (86.1%), representing an average of 82.4 loci per primer combination.
Genetic diversity and population differentiation -Genetic diversity indices for the 17 studied populations are shown in Table 1 . Some of the highest genetic diversity values (based on Nei's gene diversity index) were found in populations at the center of the species geographic distribution and/or altitude range, such as 0.25 in NEV (2209 m.a.s.l.) or 0.22 in AGI (2050 m.a.s.l.), whereas the lowest genetic diversity value was found at the southwestern edge of the species range (LEO, 0.09). Nevertheless, this pattern was not consistent. Populations with low genetic diversity values were found at the center of distribution (e.g., REV, 0.11), and populations with high diversity were found at the edge of distribution (ARY, 0.20) . These values were similar when other estimates of genetic diversity were considered ( Table 1 ). All pairwise F ST comparisons (Appendix S2, see Supplemental Data with the online version of this article; mean F ST ± SD = 0.364 ± 0.116) were signifi cant. The greatest differentiation was found between LEO and REV populations ( F ST = 0.642 ), while PLM and PLA had the lowest value ( F ST = 0.147).
Population genetic structure -The most likely Bayesian partition of data encompassed nine groups ( Table 1 and Fig. 1 ) estimated with Structure and BAPS by examining the posterior probability of the data ( Fig. 2A ) and the Evanno criterion ( Fig. 2B ) . Some populations such as LEO, FLH, and REV appeared to be isolated, constituting their own groups in all [Vol. 100 of stochastic evolutionary processes related to the spatial confi guration of available favorable habitats. By contrast, the genetic structure is not explained by the relatively simple model of isolation by distance. We also found evidence that selection may have played a role in the differentiation of A. caespitosa populations. The high number of outlier loci found and the correlation of some of them with climatic variables suggests the development of different responses to a changing environment.
Population genetic structure -The Bayesian clustering analysis grouped the 17 populations in nine clusters. Certain populations from the same mountain were grouped together in the same genetic cluster. Although some spatial dependence of the genetic distance between populations was found, none of the spatial analyses of distances related to environmental conditions (altitude and climate distances) found any linear relationship with genetic distance ( Table 2 ; Appendix S5). The relevance of spatial distances over environmental distances suggests that neutral stochastic processes (i.e., gene fl ow, mutation, and genetic drift) might be the main determinant of genetic structure. Some authors (e.g., Herrmann et al., 2010 ) have suggested the existence of certain degree of oversplitting in the genetic structure inferred from AFLP markers and, thus, we have considered other models proposed by Structure ( K = 3 or K = 7). However, Bayesian analyses (Structure and BAPS), AMOVA, and neighbor-nets analysis (Appendix S3) all support K = 9 as the most plausible model.
The signifi cantly negative kinship coeffi cient (at ~20 km distance; Appendix S4) showed that genetic divergence does not decrease linearly (as expected by an isolation-by-distance model) and suggests the existence of other factors that could infl uence the genetic structure. The center of the geographic at longer distances (28-37 km) ( Table 2 ; Appendix S5, see Supplemental Data with the online version of this article).
Moran's I correlograms implemented for genetic diversity (Nei's genetic diversity index) of each population with spatial distance found marginally signifi cant negative autocorrelation at intermediate distances (6-11 km) and marginally signifi cant positive autocorrelation at longer distances (28-37 km; Appendix S6, see Supplemental Data with the online version of this article), showing a defi ned spatial pattern of genetic diversity. The same results were obtained using other estimates of genetic diversity, such as the Shannon index or allelic richness (data not shown). The correlation between genetic diversity and altitude or climatic distance was nonsignifi cant (data not shown).
Detecting potential loci under selection: outlier loci test and SAM analysis -Considering the genetic structure proposed by Structure ( K = 9), the F ST -based outlier test detected 52 (7.89%) possible outlier loci using a 99% confi dence level (upper and lower interval; Fig. 3 ). Twenty-four loci (3.64%) were found above the upper limit (divergent loci). Similar outlier loci were obtained with other genetic structure models ( K = 3, K = 7, data not shown). Moreover, 18 loci were considered outliers by BayeScan (posterior odds PO > 10). All of them had been identifi ed as divergent loci with the previous F ST outlier test. The same outlier loci were found if other genetic structure models were considered (data not shown).
According to the SAM analysis, none of the 659 AFLP loci was signifi cantly related with altitude, after Bonferroni correction. However, 29 loci (4.4% of the total) were signifi cantly related with total annual precipitation, and 6 loci (0.9%) were signifi cantly related to mean annual temperature. Furthermore, 7 of the 29 loci (38.9%) related with total annual precipitation were also outlier loci detected by both methods, and another 5 loci were detected by only one of the outlier detection analyses (one by Arlequin and four by BayeScan). Although none of the loci related to mean annual temperature were identifi ed as outlier loci by both methods, two loci were considered outliers in the BayeScan analysis and another two using the Arlequin approach.
DISCUSSION
We found high genetic structure in Armeria caespitosa , as expected for a plant living on mountain islands surrounded by an unsuitable habitat. Our Bayesian analyses showed a good concordance between genetic groups and the spatial distribution among mountains. This pattern is compatible with the hypothesis ecosystems threatened by climate warming such as A. caespitosa , promoting a reservoir stock of potential alleles where selection forces could act over the genome ( Hughes et al., 2008 ) .
The variability in genetic diversity found between populations was not clearly related to any conspicuous pattern of variation. For instance, differences could be expected between populations located in the center and populations at the edge of the distribution range or along altitude at the whole-range scale (see Eckert et al. 2008 ) , as found in other species inhabiting mountains of temperate regions ( Ohsawa and Ide, 2008 ) . However, Moran correlograms showed signifi cant but opposite correlations between genetic diversity and spatial distance at different scales, suggesting the existence of nonlinear patterns (Appendix S5). Differences in population size may account for some of this variability, such as the small LEO population with 100-250 individuals and the lowest observed gene diversity value, 0.09 ( Ellstrand and Elam, 1993 ; Frankham et al., 2002 ) . The number of individuals sampled (10 per population) could also be too low to capture the frequency of rare alleles, and genetic diversity would then be underestimated ( Barrett and Kohn, 1991 ; Ellstrand and Elam, 1993 ) .
However, the observed pattern of differences in genetic diversity seems to be more infl uenced by historical altitudinal shifts (see above) and ancient gene fl ow among populations than by current demographic processes. Inherent biological characteristics of this genus, such as the existence of a very effi cient self-incompatibility system maintaining high outcrossing ( Baker, 1966 ) , could facilitate current gene fl ow between populations, as observed in other Armeria species that inhabit mountain systems ( A. splendens , A. fi licaulis , and A. villosa ; Gutiérrez Larena et al., 2002 ; Fuertes Aguilar et al., 2011 ) . The higher values of genetic diversity found in some of the intermediate populations of the A. caespitosa distribution range (AGI, FLH, CIT, and NEV), which are also intermediate populations in the whole elevation range, could also refl ect these movements of gene fl ow along the altitudinal gradient.
Selection imprints over the genome: outlier loci -Because genes and not whole genomes are the units of adaptation ( Wu, 2001 ) , associations between environmental variables and genetic distance based on the whole data set are not necessarily expected, as was the case in our spatially explicit analyses. By contrast, focusing on specifi c loci, we have detected signs of selection. Although most of the AFLP bands are assumed to be neutral markers ( Vos et al., 1995 ) , the outlier loci approach has been used in genome scan analyses to detect loci under selection ( Storz et al., 2004 ; Minder and Widmer, 2008 ) . In this sense, genome scans have been described as an effi cient marker technology ( Reusch and Wood, 2007 ) to obtain a better understanding of the ecological relevance of genetic processes, specifically in nonmodel organisms ( Karrenberg and Widmer, 2008 ) , if results are interpreted cautiously and appropriate genetic models are used to build null models ( Narum and Hess, 2011 ) . In spite of the very restrictive conditions used in our analyses to avoid type I errors ( Mäkinen et al., 2008 ) and the application of two independent analyses based on different statistical approaches, a high number of outlier loci were found ( Fig. 3 ) . Other studies of AFLP markers related to altitude and climatic adaptation have detected lower percentages of outlier loci-0.5% in Fagus sylvatica ( Jump et al., 2006 ) , 1.25% in Microtus arvalis ( Fischer et al., 2011 ) , and 2.4% in Viola cazorlensis ( Herrera and Bazaga, 2008 ) -although the methodology is not directly comparable in all cases (see review in Nosil et al., distribution comprised by FLH, NEV, NAV, and REV is characterized by populations that are quite distinct despite occurring at relatively short geographic distances, whereas some clusters include populations that occur at relatively long distances (i.e., AGI-MAT-NEV or NAV-PLA-PLM; Fig. 1 and Table 1 ). Therefore, it can be inferred that simple geographic distance between populations in not a good indicator of historical population connectivity or current genetic structure. The intricate geomorphology of this mountain range is certainly a factor that could partially explain this pattern, because geographic distances are not always good surrogates of potential dispersal distances (for instance, when deep valleys are located between two isolated mountains). By contrast, these results are consistent with the existence of local glacial refugia in mountain areas of the Iberian Peninsula ( Nieto Feliner, 2011 ) , as observed in other high-mountain plants (e.g., Taberlet et al., 1998 ) , including the genus Armeria ( Fuertes Aguilar et al., 2011 ) . During the climatic oscillations of the Pleistocene ( Sánchez Goñi et al., 2002 ) , plant species were forced to move upward and downward along the mountains following ice retreat and expansion ( Hewitt, 2001 ). Under extremely severe ice-expansion pulses, high-altitude A. caespitosa populations would have shifted downward and formed one or few interconnected widespread populations in a continuous habitat. As in the "ancestral fragmentation model" ( Knowles, 2001 ; Tzedakis et al., 2002 ) , this low-altitude widespread population would have acted as a reservoir of genetic diversity and source for the recolonization of the upper part of the mountains after the last glacial maximum period, reaching its current distribution along the fragmented mountain summits ( DeChaine and Martin, 2004 ) .
The plausible occurrence of high levels of gene flow or frequent colonization events in the past ( Sharbel et al., 2000 ; Hansson et al., 2008 ) and common ancestry relationships do not exclude the possibility of certain levels of gene fl ow along the elevation gradient under current conditions. Armeria caespitosa seeds can be dispersed within a range of ~1 m (C. Lara-Romero et al., unpublished data), similar to values reported for other Armeria species ( Philipp et al., 1992 ) . However, this does not take into account rare stochastic long-distance dispersal events (driven by strong wind-drafts or storms), which could provide an additional explanation for the genetic links between distant populations (e.g., PLA-NAV, CIT-4PO; Table 1 ). Long-distance dispersal in mountain plants has traditionally been overlooked, but recent reports show that they may be more frequent and relevant than previously thought ( Kropf et al., 2006 ; Dixon et al., 2009 ) . Pollen dispersal in A. caespitosa is carried out by several generalist pollinators, like bumblebees or syrphid fl ies , which also favors eventual long-distance gene fl ow.
Role of stochastic and selective processes in within-population genetic diversity -We found relatively low within-population genetic diversity in A. caespitosa populations regardless of the genetic diversity metric considered ( Table 1 ) . This low within-population genetic diversity is similar to results obtained in studies of other Armeria species, including those with a wider geographic distribution ( Gitzendanner and Soltis, 2000 ) like A. pungens , which is distributed along the coast of the Iberian Peninsula and on some Mediterranean islands ( Piñeiro et al., 2007 ) , or the amphi-Atlantic A. maritima (i.e., percentage in polymorphic loci, Nei's gene diversity and Shannon index; Baumbach and Hellwig, 2007 ) . Nonetheless, the preservation of certain levels of genetic diversity is essential for species that inhabit 2009) .This suggests that in addition to the effect of neutral stochastic processes, selective pressures may play a signifi cant role in the genetic architecture of A. caespitosa . The identifi cation of divergent outlier loci in the genome scan and the correlation of some of them with annual precipitation suggest that stress imposed by summer drought may be acting as a selective force in some populations. This confi rms previous evidence obtained from demographic studies conducted in populations with different water-availability regimes García-Camacho et al., 2012 ) and makes these outlier loci ideal candidates for further research on specifi c genes related to these factors ( Hanson et al., 1994 ) and the response of this species to global warming ( Fischer et al., 2011 ) . As summer drought conditions become more severe at lower altitudes because of global warming, selective forces are likely to operate with greater intensity at these locations. The ability of populations to locally adapt to the new environmental conditions will greatly depend on the existence of adaptive genetic diversity. Alternatively, the lower-altitude populations may experience an upward shift to track favorable conditions that would result in greater gene fl ow among populations and genetic homogenization within mountains, while simultaneously increasing isolation among populations located on the different mountain peaks.
Concluding remarks -Our results suggest that historical gene fl ow between populations associated with past climatic oscillations may be partially responsible for the current genetic structure and genetic diversity levels of A. caespitosa populations. The high ratio of divergent outlier loci compared with other studies and the moderate correlations found in some of them with environmental variables suggest that, in spite of the narrow geographic distribution of the species, divergent selective forces are likely to have played a signifi cant role in species persistence. The survey of the whole species' geographic distribution was essential to test these evolutionary processes. More studies are needed to understand how high-mountain plants survived and reacted to ice ages in Southern European regions ( Hewitt, 2001 ) , and to provide insight into the genetic consequences of oncoming climate change on these particularly vulnerable species. 
